The E2F1 transcription factor controls cell proliferation and apoptosis. E2F1 activity is negatively regulated by the retinoblastoma (RB) protein. To study how inactivation of Rb and dysregulated E2F1 aects the developing retina, we analysed wild-type and Rb 7/7 embryonic retinas and retinal transplants and we established transgenic mice expressing human E2F1 in retinal photoreceptor cells under the regulation of the IRBP promoter (TgIRBPE2F1). A marked increase in cell proliferation and apoptosis was observed in the retinas of Rb 7/7 mice and TgIRBPE2F1 transgenic mice. In the transgenic mice, photoreceptor cells formed rosette-like arrangements at postnatal days 9 through 28. Complete loss of photoreceptors followed in the TgIRBPE2F1 mice but not in the Rb 7/7 retinal transplants. Both RBde®cient and E2F1-overexpressing photoreceptor cells expressed rhodopsin, a marker of terminal dierentiation. Loss of p53 partially reduced the apoptosis and resulted in transient hyperplasia of multiple cell types in the TgIRBPE2F1 retinas at postnatal day 6. Our ®ndings support the concept that cross-talk occurs between dierent retinal cell types and that multiple genetic pathways must become dysregulated for the full oncogenic transformation of neuronal retinal cells. Oncogene (2001) 20, 7073 ± 7084.
Introduction
The E2F transcription factor was initially identi®ed as a cellular DNA-binding activity required for the adenovirus E1A-mediated activation of the viral E2 gene (reviewed in Dyson, 1998) . E2F functions as a heterodimer consisting of an E2F family member, E2F1 through 6, and a DP protein, DP1 and DP2 (reviewed in Dyson, 1998) . E2F can bind to speci®c regulatory elements in genes required for DNA synthesis including DNA polymerase a, thymidine kinase and dihydrofolate reductase; and cell cycle regulators including cyclin A, cyclin E and cdc2 (Adams and Kaelin, 1995; Slansky and Farnham, 1996) . Genetic studies in both Drosophila (Duronio et al., 1995) and mammalian cells (Ishizaki et al., 1996; Wu et al., 1996) demonstrate that E2F activity is required for cell proliferation. In addition, overexpression of E2F1 has been shown to be sucient to drive quiescent cells into S phase in vitro (Johnson et al., 1993) . E2F1 cooperates with activated Ras to transform ®broblasts (Johnson et al., 1994; Singh et al., 1994; Xu et al., 1995) . In mice, expression of E2F1 in the presence of activated Ras results in skin tumor formation (Pierce et al., 1998a) . Interestingly, in addition to its role in cell proliferation, overexpression of E2F1 but not other E2F proteins also triggers apoptosis in cells. In the absence of p53, E2F1-induced apoptosis is signi®cantly reduced (DeGregori et al., 1997; Kowalik et al., 1995; Qin et al., 1994; Shan and Lee, 1994; Wu and Levine, 1994) . This apoptosispromoting property of E2F1 likely contributes to the phenotype of E2F1 de®cient mice, which are defective in thymocyte apoptosis and predisposed to tumors at an advanced age (Field et al., 1996; Yamasaki et al., 1996) .
An understanding of how E2F activity may be regulated in mammalian cells ®rst came from the ®ndings of a functional interaction between E2F1 and the protein product of the retinoblastoma susceptibility gene Rb (reviewed in Dyson, 1998) . RB may block the transcriptional activity of E2F1 by direct binding to its transactivation domain and preventing its interaction with other components of the transcriptional machinery (Ross et al., 1999) . In addition, the presence of histone deacetylases in the E2F/RB complexes could result in transcription repression by a mechanism involving chromatin regulation (Brehm and Kouzarides, 1999) . Finally, other RB-interacting proteins have been identi®ed that could mediate transcriptional repression of E2F-dependent genes (Skapek et al., 2000) . The physical interaction between RB and E2F is detected during the G 1 phase of the cell cycle. Upon phosphorylation of RB by cyclin-dependent kinases, RB, E2F, and other proteins found in this complex (like HDAC-1) dissociate to allow the activation of the E2F responsive genes (reviewed in Dyson, 1998; Zhang et al., 1999) .
Two Rb-related genes p107 and p130 have also been characterized (reviewed in Mulligan and Jacks, 1998 ).
Protein products of both genes interact with E2F and can act as negative regulators of cell proliferation. Unlike Rb, however, mutations of p107 and p130 are rarely found in human tumors and mutation of either p107 or p130 in mice leads to dierent phenotypes (reviewed in Lin et al., 1996; Mulligan and Jacks, 1998) . The dierent biological functions of dierent RB family members may be due to their association with speci®c E2Fs (reviewed in Dyson, 1998; Nevins, 1998) . RB interacts with E2F1, E2F2 and E2F3 during late G 1 to S phase. In contrast, p107 preferentially interacts with E2F4 in proliferating cells during S phase whereas p130 binds to E2F4 and E2F5 primarily in G 0 phase. Despite these distinctions, recent studies of mice lacking more than one member of the Rb gene family have provided evidence that Rb, p107 and p130 have overlapping as well as distinct function (see below).
That the loss of Rb causes retinoblastoma in humans has been well established. On the other hand, how loss of Rb aects the retina in mouse models is more confusing. Homozygous Rb 7/7 mouse embryos show ectopic proliferation and excess apoptosis of the nervous system and die around embryonic day 14.5 (E14.5) (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992) . Heterozygous Rb +/7 mice develop pituitary and thyroid tumors Jacks et al., 1992; Nikitin and Lee, 1996) and all tumors harbor mutations of the wild-type Rb allele Nikitin and Lee, 1996) ; however, retinoblastoma does not occur. In contrast, multiple dysplastic lesions develop in the photoreceptor cell layer of the retina of Rb +/7 ; p107 7/7 mice but not in Rb +/7 or p107 7/7 mice . Retinoblastomas of amacrine cell origin were observed in chimeric mice harboring Rb 7/7 ; p107 7/7 cells (Robanus-Maandag et al., 1998). Thus, it seems that dysfunction of both RB and p107 are required for retinal tumor formation in mice.
One interpretation of these collective data is that loss of RB and RB-related proteins releases certain E2Fs from suppression to enhance cell proliferation and tumor formation. Consistent with this, inactivation of E2F1 reduces tumorigenesis in Rb +/7 mice and extends the survival of Rb +/7 mice and Rb 7/7 embryos (Tsai et al., 1998; Yamasaki et al., 1998) . Furthermore, E2F1 de®ciency rescues cell death in Rb 7/7 embryos in tissues undergoing p53-dependent apoptosis (Macleod et al., 1996; Morgenbesser et al., 1994) including the ocular lens and the central nervous system (Tsai et al., 1998) . Taken together, these data provide biochemical and genetic support for the regulatory role of RB on E2F1 activities.
We undertook the present series of experiments to study the eects of dysregulated E2F1 activity in photoreceptors. We accomplished this by studying RBde®cient photoreceptors in Rb 7/7 mouse embryos and following transplantation of Rb 7/7 retinal cells into normal recipient mice. In addition, we have established a transgenic mouse model in which E2F1 is constitutively expressed in maturing photoreceptors. We have used these studies to further understand how loss of regulation of E2F1 and loss of the p53 tumor suppressor contribute, individually or in combination, to photoreceptor development and tumor formation.
Results

Proliferation and apoptosis in Rb-deficient retinas
There is aberrant proliferation and extensive apoptosis in the developing nervous system of RB-de®cient embryos Macleod et al., 1996) . How RB de®ciency aects retinal development is not known, in part due to embryonic lethality of Rb 7/7 mice around E12.5 ± E14.5 (Lee et al., 1992) . To begin to study the eects of loss of RB in the retina, we analysed retinal cell proliferation and apoptosis in retinas from E13.5 wild-type and Rb 7/7 embryos. In normal embryos, the inner layers of the retinal ventricular cells did not incorporate BrdU at E13.5 ( Figure 1Aa ). In contrast, in Rb 7/7 embryos, many cells in the same region continued to enter the cell cycle ( Figure 1Ab ). In wild-type embryos, little TUNEL staining was observed in the normal E13.5 retina (Figure 1Ac ), but TUNEL-stained cells were readily detected in Rb 7/7 retina ( Figure 1Ad ). Examination of cell proliferation and apoptosis at dierent embryonic stages (E11.5 ± E15.5) demonstrated that ectopic BrdUpositive cells appeared in the retina before TUNELstained cells (data not shown), a ®nding that is similar to ®ndings in the spinal cord and dorsal root ganglia of Rb 7/7 embryos . These data indicate that RB loss causes excessive ectopic cell proliferation and apoptosis in embryonic retinal progenitor layers of the mouse retina.
In addition to regulating cell proliferation and apoptosis, RB is known to facilitate the dierentiation of certain types of cells (reviewed in Lipinski and Jacks, 1999) . Therefore, we sought to determine how loss of RB aected the dierentiation of murine photoreceptors. In wild-type mice, retina development continues after birth. Because loss of RB causes embryonic lethality, to fully address the eect of RBde®ciency on retinal development, we analysed retinal tissue that had been transplanted into normal neonatal mice. It has previously been shown that transplanted embryonic retinal tissue continues to develop and form laminar structures (Hankin et al., 1993) . Following transplantation of retinas from E11.5 ± E12.5 embryos into wild-type or Rb +/7 neonates, the transplanted retinal tissues formed either sheet-like structures or rosette structures characterized by inside-out, concentric foldings of the donor tissue ( Figure 1B) . The multi-layered structures were evident in both wild-type and Rb-de®cient retinal transplants (Figure 1Ba,b) . At the cellular level, both wild-type and Rb 7/7 retinoblasts matured and dierentiated into photoreceptors as evidenced by expression of opsin (Figure 1Be,f) . Interestingly, using this model of retina development, we con®rmed that RB loss causes excess apoptosis. Whereas only a few apoptotic cells were seen in wild-type transplants, abundant apoptotic cells were found in Rb 7/7 transplants (Figure 1Bc,d ). Taken together, these results demonstrate that RB may be required for ecient cell cycle arrest and prevention of apoptosis in 
Generation of TgIRBPE2F1 transgenic mice
Because the loss of RB appears to alter retinal development in these mouse transplant experiments, and RB is known to regulate E2F1, we established a transgenic mouse model to study the eect of enhanced expression of E2F1 in retinas in vivo. To do this, we generated transgenic mice expressing human E2F1 (hE2F1) cDNA under the regulation of IRBP promoter (TgIRBPE2F1 mice). This promoter directs the expression of the transgene in retinal photoreceptor cells and pinealocytes (Liou et al., 1990) . Several founder mice were identi®ed using PCR and Southern analyses (data not shown) and two hE2F1 transgenic lines (IRBP-E37 and -E45) were established. To con®rm that the transgene led to ectopic expression of E2F1, we performed immunohistochemical analyses. In normal mice, E2F1 was detectable in the retina of E18.5 embryos (data not shown), but was not detectable after birth ( Figure 2A ). In the retina of transgenic mice, hE2F1 was expressed in the outer ventricular cell layer, the developing rods, from P0 (day of birth) through P6 ( Figure 2A ). The hE2F1 was also present in mature photoreceptor cells at later stages (data not shown). All ospring from both lines had similar expression patterns and developed the same phenotype (see below).
Developing neuroretinal cells in TgIRBPE2F1 transgenic mice continue to synthesize DNA During retinal development, the ventricular cells cease proliferation at P6 in the central region and at P11 in the peripheral region of the retina (Young, 1985) . The development of post-mitotic cells parallels morphological changes in the developing outer nuclear layer (ONL) of photoreceptors. Active proliferation, as evidenced by BrdU incorporation, was seen throughout the retina of the wild-type mice from P0 to P4 ( Figure  2B ,C). During this period, there were more BrdUpositive cells in the retina of transgenic mice than in the control retina ( Figure 2B ,C). By P6, BrdU stained cells were restricted to the peripheral retina in wildtype mice, whereas BrdU-positive cells were detected in the central as well as the peripheral retina in the transgenic mice at P6 ( Figure 2B ). These data demonstrate that forced expression of E2F1 in vivo is sucient to drive DNA synthesis in the developing retina that should have been ®lled with post-mitotic photoreceptors. Interestingly, the ectopic BrdU-positive cells in the transgenic mice were dierent from BrdUpositive cells in the normal mice in two regards. First, they were located near the pigment epithelium (PE) in transgenic mice (Figure 2Bb,d ) as opposed to the inner plexiform layer (IPL) in wild-type mice (Figure 2Ba,c) . Second, their nuclei were more rounded than the BrdU-positive cells in wild-type mice (data not shown). Their location and nuclear shape suggest that they are dierentiating photoreceptors that normally would have excited the cell cycle.
Apoptosis of the neuroretinal cells in TgIRBPE2F1 transgenic mice
Despite the increased proliferation observed in retinas from TgIRBPE2F1 mice, there were fewer photoreceptor cells in the retinas in adult transgenic mice ( Figure  5f , discussed below). The decreased number of photoreceptor cells in the retina of the transgenic mice suggests that overexpression of E2F1 may also result in cell death. To better characterize the mechanism by which the photoreceptors were lost, the degree of apoptosis was determined during the early stages of retinal development. In retinas from wild-type mice, apoptotic cells were only occasionally observed during the major period of retinal dierentiation (Figure 3A,B; Young, 1984) . By contrast, abundant apoptotic cells were found throughout the ventricular layer at all stages in the transgenic mice with greatest apoptosis at P4 and P6 ( Figure 3A ,B). At later stages, fewer apoptotic cells were seen perhaps in part due to the previous loss of cells in the ONL in the transgenic retinas ( Figure 3A ). The location of most of the apoptotic cells in the ONL indicates that the dying cells are, in fact, developing photoreceptors.
During normal development, the arrest of cellular proliferation and the initiation of dierentiation proceeds from the central to the peripheral retina (Young, 1985) . Therefore, we sought to correlate the time course of proliferation and apoptosis with this developmental feature. Proliferation in the central retina was most robust at P0, gradually decreased after birth and ceased at P9 in transgenic mice ( Figure  2C ). Interestingly, there were more apoptotic cells in the central region compared to the peripheral region in transgenic retinas earlier in postnatal development ( Figure 3B ), whereas at P9 and P10 there were more apoptotic cells in the periphery ( Figure 3A,B) . Hence, it appears that the excess cell proliferation caused by E2F1 precedes excess apoptosis and that the apoptosis appears to occur in a developmentally regulated pattern.
Delayed differentiation in the neuroretinal cells in TgIRBPE2F1 transgenic mice
During retinal development, multiple cell types are generated and arranged into morphologically distinct layers. To assess the eect of E2F1 expression on development of the multi-layer structure of retina, retina sections of P4 ± P6 were compared (Figure 4) . At P6 the outer plexiform layer (OPL), which is composed of synaptic processes between photoreceptor cells in the ONL and cells in the inner nuclear layer (INL), was evident in the control mice (Figure 4a ), but was not apparent in transgenic mice (Figure 4b) . However, the OPL was visible at P8 and later stages in transgenic retinas (Figure 3Af,h ) when the cells of the ONL were better dierentiated. This ®nding suggests that ectopic expression of E2F1 may delay certain aspects of retinal development.
We next sought to determine how ectopic expression of E2F1 altered the dierentiation of individual . BrdU-positive nuclei within a length of 250 mm to optical nerve (center) and to ciliary body (periphery) were counted. The mean+s.e. is based on data collected from at least three mice photoreceptors. To accomplish this, opsin protein, which is deposited along the lateral cell membrane and synaptic terminals of the immature rods as shown previously in several other vertebrates (Nir et al., 1984) , was detected by immunohistochemical staining. Opsin ± positive cells were ®rst detected in the central but not the peripheral retina in wild-type mice at P2 (data not shown). Cells in the peripheral retina were observed to express opsin at later stages. At P4 and P6, levels of opsin expression appeared to be increased in all rod photoreceptor cells (Figure 4c,e) . In transgenic mice, opsin-expressing cells were not seen until P6 (Figure 4f ). At this stage, the opsin expression pattern in the retina of transgenic mice resembles that of the P2 retinas in wild-type mice (data not shown). At later stages, the photoreceptor cells that are present showed robust expression of opsin (see below). In summary, these data indicate that the transgenic expression of E2F1 delays normal development in the retina and the expression of a photoreceptor-speci®c gene, but does not prevent eventual photoreceptor dierentiation.
Dysplasia and degeneration in the neuroretinal cells in TgIRBPE2F1 transgenic mice
Although the photoreceptors eventually expressed opsin at apparently normal levels, their dierentiation was still altered in the retinas of transgenic mice. Speci®cally, rosettes were frequently observed in the outer nuclear layer in the retinas of TgIRBPE2F1 mice, (Figure 5a ). These rosettes were composed of at least partially dierentiated photoreceptors as evidenced by opsin expression (Figure 5b ). The dysplastic lesions were observed from P9 through P28 TgIRBPE2F1 mice. However, in retinas of 3 month old transgenic mice, at which time most regions were depleted of ONL cells, no rosettes were detected (Figure 5f ).
Remarkably, there was a striking hemispheric asymmetry with respect to the dysplastic changes and the apoptosis discussed above. Divided by the optic nerve, multiple layers of photoreceptor cells were arranged into rosette-like structures on one side of the section (Figure 5a ), whereas no photoreceptor cells were present in the other side (Figure 5c ). The loss of photoreceptor cells was con®rmed by the lack of opsin staining ( Figure 5d ). Such initial side-to-side dierence and the ®nal photoreceptor cell loss to the whole retina suggest that there might be a progressive manifestation of the E2F1 eects from one retinal hemisphere to the other; however, the molecular basis for this is not known.
Loss of p53 promotes both severe dysplasia and hyperplasia in the retina of TgIRBPE2F1 mice but does not prevent photoreceptor degeneration , 1998), we tested whether the loss of p53 aects the phenotype of TgIRBPE2F1 mice. TgIRB-PE2F1; p53 7/7 mice were generated after two rounds of crossings to p53 null mice (Donehower et al., 1992) . The loss of p53 in the TgIRBPE2F1 mice aected several aspects of the retina phenotype. First, rosette formation in TgIRBPE2F1; p53 7/7 mice appeared earlier (from P6 through P14) and dysplastic lesions were often present in both hemispheres of the retina (Figure 6a,b) . Second, in some regions of the retina, multiple layers were not evident. For example, the distinct layered structure of ONL in both wild-type and TgIRBPE2F1 mice was not observed in TgIRBPE2F1; p53 7/7 mice (Figure 6b ). At P10, although the OPL was evident between the INL and the remaining ONL in TgIRBPE2F1 mice, the OPL was almost undistinguishable in TgIRBPE2F1; p53 7/7 mice (data not shown). The INL was also in disarray as evidenced by focal expansion to nearly 14-cells thick ( Figure  6b,c) . The loss of layers in the outer two layers of the retina is likely due to focal hyperplasia/dysplasia of multiple cell types, including photoreceptor cells, pigment epithelial cells and cells of the INL. Third, the delayed expression of opsin in the TgIRBPE2F1 retina was lessened in the p53 null background. Speci®cally, at P6, approximately eight photoreceptors cells in every row expressed opsin in wild-type retina (Figure 4e ), yet there was only one opsin-positive cell in every 5 ± 20 rows in TgIRBPE2F1 retina (Figure 4f ). However, there were one or two opsin-positive cells in every three or four rows in TgIRBPE2F1; p53 7/7 retina (data not shown). Fourth, the level of cell death in the TgIRBPE2F1; p53 7/7 retinas was much lower than that in the TgIRBPE2F1 retinas during P6 to P14, although it remained signi®cantly higher than in normal retinas (data not shown). In 3-week-old and adult mice, a similar degree of retinal degeneration occurred in TgIRBPE2F1 and TgIRBPE2F1; p53 7/7 mice (Figure 6c,d) . Thus, although the loss of p53 modi®es the degree of apoptosis detectable at any speci®c time, the loss of photoreceptors in the mature retina of TgIRBPE2F1 mice is p53-independent. These results indicate that loss of p53 aects multiple aspects of the phenotype induced by dysregulated E2F1 expression, which may allow excessive hyperplasia and disorganization of multiple retinal cell types. However, this is still not sucient for oncogenic transformation of photoreceptors because signi®cant retinal degeneration still occurs eventually.
Discussion
E2F transcription factors are important targets for RBdependent control of the cell cycle and tumor formation. We have generated a transgenic mouse model to investigate how the aberrant expression of E2F1 aects photoreceptor cell development and contributes to tumorigenesis. In TgIRBPE2F1 retinas, ectopic expression of E2F1 resulted in increased DNA synthesis and apoptosis in developing photoreceptor cells, a ®nding that is similar to what occurs in Rb 7/7 retinas during embryonic development and in retinal transplant experiments. The dierentiation of photoreceptor cells, judging from the delayed appearance of the OPL and opsin expression, was also impaired but not completely blocked. Ultimately, E2F1 deregulation led to photoreceptor cell degeneration rather than Several recent studies in other mouse tissues support our conclusions that deregulated E2F1 contributes to the phenotypes associated with Rb inactivation. First, aberrant S phase entry and apoptosis in the developing central nervous system and lens of Rb 7/7 embryos is suppressed in Rb/E2F1 double mutants (Tsai et al., 1998) . Second, mutation of E2F1 suppresses inappropriate proliferation and cell death of the lens ®ber cell compartment induced by the HPV E7 oncoprotein, which binds to and inactivates the RB family proteins (McCarey et al., 1999) . In these respects, the eects of aberrant expression of E2F1 in mouse photoreceptors are similar to eects in the lens and other areas of the central nervous system. Furthermore, our transgenic mouse model adds further insight into how RB and the RB-related protein p107 aects retinal development. Previous studies have shown that knock out mice and chimeric mice in which all or some of the retina is derived from Rb +/ 7 ; p107 7/7 or Rb 7/7 ; p107 7/7 cells have dysplasia Robanus-Maandag et al., 1998) that is similar to what we observed in our studies of E2F1. Thus, our data suggest that loss of the Rb and p107 may lead to retinal dysplasia by releasing E2F1 from RB (and p107) mediated repression.
Both Rb-de®ciency and E2F1 overexpression alter opsin expression in the retinal transplant experiments and transgenic mouse retinas, respectively ( Figures 1B  and 4) . These ®ndings are consistent with previous studies of how loss of RB alters cellular dierentiation. For example, the trigeminal ganglia of Rb-de®cient mice show incomplete dierentiation . In Rb heterozygous knockout mice, mutation of the remaining wild-type Rb allele alters the dierentiation of Rb-null melanotrophs in the pituitary gland. These cells fail to become mature melanotrophs and are not innervated by growth inhibitory dopaminergic nerve terminals (Nikitin and . Finally, in vitro and in vivo studies have demonstrated that loss of Rb, or ectopic expression of E2F1 inhibits the full expression of genes induced during skeletal muscle and adipose dierentiation (Chen and Lee, 1999; Chen et al., 1996; Classon et al., 2000; Novitch et al., 1996; Zacksenhaus et al., 1996) . Taken together, these data indicate that loss of RB function and ectopic expression of E2F1 is sucient to prevent normal dierentiation of numerous types of cells. Interestingly, it does not completely prevent dierentiation per se but rather it appears to delay the expression of a dierentiation-speci®c gene in photoreceptors. Although photoreceptors in our transgenic mice eventually show robust opsin expression, we have not performed a quantitative assay to compare the level of expression with normal photoreceptors. At a molecular level, how loss of Rb alters dierentiation is not known. It has been shown to interact with a Figure 6 Retinal dysplasia and degeneration in TgIRBPE2F1; p53 7/7 mice. (a ± d) H&E staining of retinal sections of TgIRBPE2F1; p53 7/7 mice. Note dysplastic photoreceptor cells showing rosette structures in the P6 (a) and P14 (b) retinas. PE, pigment epithelium; INL, inner nuclear layer. Scale bar, 100 mm number of transcription factors that mediate cellular dierentiation (Chen et al., 1996; Gu et al., 1993; Lipinski and Jacks, 1999; Schneider et al., 1994) . On the other hand, it is conceivable that loss of Rb indirectly alters the activity of transcription factors that drive cellular dierentiation by releasing E2F activity (Wang et al., 1995) . Finally, it is also conceivable that either loss of Rb or aberrant E2F1 expression could in¯uence cellular dierentiation by allowing for the accumulation of additional genetic changes. Further experiments will be required to clarify the molecular basis by which loss of Rb or aberrant expression of E2F1 blocks the normal dierentiation of photoreceptor cells.
Compared to other models in which E2F1 is ectopically expressed, our study of E2F1-expressing photoreceptor cells oers several new observations. First, hyperplasia was not observed in photoreceptors in our mice whereas transgenic expression of E2F-1 in squamous epithelial cells caused increased cell proliferation and hyperplasia despite increased apoptosis (Pierce et al., 1998a) . Second, the loss of p53 only partially abrogates E2F1-mediated cell death and only transiently sustains dysplasia and hyperplasia in photoreceptors of our TgIRBPE2F1 mice (Figure 6 ), while E2F1-induced apoptosis in the epidermal cells is largely p53-dependent and its loss allows for the formation of spontaneous skin tumors (Pierce et al., 1998b) . Similarly, apoptosis in Rb-de®cient embryos depends on p53 and E2F1 in the central nervous system (Macleod et al., 1996; Tsai et al., 1998) . Finally, we demonstrated that the forced expression of E2F1 alters photoreceptor and retina development ( Figures 4  and 5) ; however, similar forced expression of E2F1 in epidermal cells does not appear to block cellular dierentiation (Pierce et al., 1998a) . In summary, these ®ndings indicate that the eects of deregulated RB/ E2F1 on cellular proliferation, dierentiation, and apoptosis dier in speci®c types of cell and tissue.
Although no macroscopic tumors form in TgIRB-PE2F1; p53 7/7 mice, there is transient hyperplasia and dysplasia of multiple retinal cell types (Figure 6a, b) . This unexpected ®nding suggests that aberrant expression of E2F1 in photoreceptors may promote proliferation of nearby p53-de®cient inner retinal cells and pigment epithelial cells through a paracrine mechanism. There is a precedent for paracrine regulation of cells in vertebrate retinas. For example, during development, the seven major types of cells in the retina are derived from a pool of multipotent progenitor cells (Cepko et al., 1996) . Numerous studies have shown that cell ± cell interactions are involved in cell fate determination during this time (Belliveau and Cepko, 1999; Belliveau et al., 2000; Cepko et al., 1996) . Similarly, studies using intact frog retina indicate that the phosphorylation status of rhodopsin is in part regulated by dopamine released from the inner cell layers (Udovichenko et al., 1998) . Clearly this is minor compared to the phosphorylation induced by light. Thus, it seems reasonable to speculate that the aberrant expression of E2F1 in photoreceptors could alter the cell proliferation of other retinal cells in a p53-dependent manner. However, the molecular mechanisms by which this may occur are not known. It is also plausible that there might be low levels of ectopic E2F1 expression in non-photoreceptor cells and the resultant growth promoting eect is detectable only in the absence of p53. Further experiments will be required to clarify the mechanisms involved.
One notable dierence between our studies and previous studies of the RB gene pathway in the retina is the development of macroscopic retinal tumors, which occurred either in Rb 7/7 ; p107 7/7 chimeric mice (Robanus-Maandag et al., 1998) or in the TgIRBPE7; p53 7/7 mice (Howes et al., 1994) . The molecular basis for the transient dysplasia and hyperplasia that occurs in our TgIRBPE2F1; p53 7/7 mice is not known. It is certainly conceivable that pro-apoptotic mechanisms in the retina are activated in the presence of ectopically expressed E2F1 to prevent tumor formation in the retina. In this regard, it is interesting to note that overexpression of SV40 T antigen under the control of the rhodopsin promoter also results in retinal degeneration in mice (al-Ubaidi et al., 1992) . However, these photoreceptor cells proliferate in tissue culture and are tumorigenic when implanted subcutaneously into nude mice (al-Ubaidi et al., 1992) . Furthermore, in the retina of Rb 7/7 chimeric mice, there was severe cellular degeneration during E16.5 ± E18.5 (Maandag et al., 1994) . The contribution of Rb 7/7 retinal cells was reduced to less than 15% in adult mice (Maandag et al., 1994) . Similarly, our intracranial Rb 7/7 retinal transplants exhibited signi®cant apoptosis 1 week after transplantation, a time point equivalent to E18.5 of the donor tissue ( Figure 1B) . However, transplanted Rb 7/7 retinal cells were able to survive for more than 2 months (data not shown). Taken together, these results indicate the presence of apoptotic factors in situ in the eyes of the transgenic mice. It is conceivable that these pro-apoptotic factors are disrupted in the TgIRB-PE7; p53 7/7 mice but not in our TgIRBPE2F1; p53
mice. Delineating mechanisms underlying phenotypic dierences between genetic loss of Rb and p107 Robanus-Maandag et al., 1998) or by expression of IRBP-E7 in the p53 7/7 background (Howes et al., 1994) , versus the non-tumorigenic properties of IRBP ± E2F1 (even in the absence of p53) would likely lead to better understanding of the functions of these gene products and the biology of human retinoblastoma.
Materials and methods
Construction of TgIRBPE2F1 transgene and generation of transgenic mice
A plasmid pBSpKCR3 modi®ed from pKCR3 that consists of a 1.9 kb fragment of the murine IRBP promoter, a 1.2 kb part of the rabbit b globin gene including partial exon 2, intron 2, and exon 3, and a polyadenylation site, was provided by Dr Jolene Windle (Howes et al., 1994) . A 1.5 kb fragment containing the full-length human E2F1 cDNA was inserted into exon 3 of the rabbit b globin gene of pBSpKCR3. The TgIRBPE2F1 transgene was cut with KpnI and XbaI, gel-puri®ed, and microinjected into the male pronucleus of fertilized eggs derived from CB6 F16C57BL/6 intercrosses. Transgenic founder mice were identi®ed by Southern blot analysis of tailderived genomic DNA. Transgenic mice of subsequent generations were identi®ed by PCR using primers derived from the human E2F1 cDNA sequence, 5' primer (5'-GGAAACT-GACCATCAGTACCTG-3'), and 3' primer (5'-CCAGCCAC-TGGATGTGGTTCTT-3'). Transgenic lines were established by breeding founders to C57BL/6 mice. Subsequent generations of transgenic mice were maintained on a mixed CB6 F16C57BL/6 genetic background.
Histological analysis
Samples were ®xed in 10% buered formalin and processed through paran embedding follow standard procedures. Sections (4 mm thick) were cut parallel to the optic nerve and stained with hematoxylin and eosin (H&E) for light microscopy.
E2F1 and opsin immunostaining
Immunostaining was performed using the Vectastain Elite ABC Kit (Vector Laboratories). Brie¯y, paran-embedded sections were rehydrated, ®xed in methanol containing 3% hydrogen peroxide for 5 min, and blocked in 1% normal horse serum (NHS) in PBS for 20 min. The sections were incubated with anti-E2F1 monoclonal antibodies (1 : 200, Pharmingen) or mouse anti-opsin antibodies (1 : 2000) diluted in 2% NHS/PBS overnight at 48C. After washes in PBS, sections were incubated with biotinylated anti-mouse IgG for 30 min. Slides were washed in PBS, incubated with streptavidin/biotinylated peroxidase conjugate, developed by Vector VIP or DAB substrates (Vector Laboratories), and counterstained with methyl green or hematoxylin.
BrdU incorporation and TUNEL assays
Mice received bromodeoxyuridine (BrdU) at a dose of 100 mg/g of body weight by intraperitoneal and subcutaneous injection. After 2 h, retina tissue samples were collected, ®xed in formalin, and embedded in paran. Tissue sections were treated with 4N HCl/0.2% Triton X-100, and processed for immunostaining as described above using anti-BrdU antibodies (1 : 200, Becton Dickinson). The terminal deoxyribonucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay was performed as described (Howes et al., 1994) .
Quantification of cells in the neuroretina
Quanti®cation of the number of cells positive for BrdU and TUNEL was performed using light microscopy. The numbers of nuclei in the neuroretina within a length of 250 mm to the optical nerve (the central region) and to the ciliary body (the peripheral region) were counted. At least three mice were examined to obtain the mean and the standard error.
Retinal transplantation methods
Embryos were obtained from anesthetized, timed-pregnant heterozygous Rb-1 D20/+ mice (Lee et al., 1992) . Retinas were removed from E11.5 ± E12.5 embryos and transplanted into the superior colliculus or cerebral cortex of 1-day-old (P1) wild-type or Rb-1 D20/+ neonates as described (Hankin and Lund, 1987) . Brie¯y, a small glass pipet containing the donor tissue and sterile F10 culture medium (GIBCO BRL) was inserted through a small hole in the cartilagenous skull overlying the recipient midbrain or cortex. The donor tissue was ejected from the pipet with 1 ml of F10.
